Reverse-phase high-performance liquid chromatography (HPLC) resolution and recovery of cytochrome P-450 and bovine rhodopsin, both integral membrane proteins, and large peptides derived from P-450 LMI were enhanced by utilizing ternary solvents. Surprisingly, most test materials eluted later in the gradient when using mixtures of acetonitrile and propanol in the mobile phase compared to using either solvent alone. Of the supports tested, the best recovery of hydrophobic cytochrome P-450 LMI was experienced on the less retentive CN-bonded phase. Two alternate solvents for HPLC of polypeptides are proposed: (1) 0.02-o. 1 M hexafluoroacetone/ NH3, pH 7.2 for highly acidic peptides; and (2) 6 M formic acid/O.13 M trimethylamine, pH 1.5, vs 4 M formic acid/O.09 M trimethylamine in propanol for relatively insoluble peptides. Anomalous side reactions between formic acid and peptides can cause HPLC peak broadening, increased retention, and decreased resolution. These deleterious effects are thought to be due in part to formyl esterilication of serine and threonine residues and appear to be reversible by aminoethanol treatment.
High-performance liquid chromatography, particularly reverse-phase chromatography, has supplanted the more classical methods of peptide fractionation in many laboratories and constitutes one of the most important advances in the field of protein sequence analysis (1) . The use of reverse-phase HPLC for the purification of small peptides is well established ( l-2). However, larger peptides, especially those derived from membrane-associated proteins, often chromatograph poorly because of insolubility, aggregation, or irreversible adsorption to reverse-phase supports. Despite increasing reports of successful reverse-phase HPLC purification of large pep-tides (3-7) and hydrophobic, membrane-associated polypeptides (8) (9) (10) (11) (12) (13) (14) , methods for such fractionations are not yet well established. This report incorporates the results of studies on types of reverse-phase supports and various solvent effects into methods which have enhanced the HPLC resolution and recovery of the integral membrane proteins cytochrome P-450 and bovine rhodopsin and of large peptides derived from P-450 LM2.
MATERIALS AND METHODS
Beckman Model 332 gradient HPLC systems were employed for all chromatography. Peptides and proteins in the column effluent were detected with either a Hitachi 100-10 spectrophotometer with an Altex flow cell or a Beckman 160 detector equipped with a Cd lamp and 229-nm filter. Peak areas were quantified with a Hewlitt-Packard Model 3380A integrator or by cutting and weighing. The following reverse-phase HPLC columns TARR AND CRABB were used: from Waters Associates, PBondapak CN, PBondapak C18, PBondapak Phenyl (30 cm X 3.9 mm with 1 O-pm packing); from Beckman, 5-pm Ultrasphere ODS (25 cm X 4.6 mm); from The Separations Group, 5-pm Vydac Cl8 and lo-pm Vydac C,s (25 cm X 4.6 mm and 5 cm X 4.6 mm); from Alltech, IO-pm Hamilton PRP-1 ( 15 cm X 4.1 mm). All columns contain a silica-based packing except the Hamilton PRP-1 which consists of a poly(styrene/divinylbenzene) matrix and all columns were packed by the manufacturer. Solvents were HPLC grade from Burdick and Jackson. Aminoethanol, formic acid, and cyanogen bromide were purchased from Aldrich and sequenal grade trifluoroacetic acid (TFA)4 from Pierce. Water was twice distilled. All chromatography was done at room temperature.
The hexafluoracetone (HFA) sesquihydrate used in these experiments came from three sources-Aldrich, DuPont, and PCR Research Chemicals. Unfortunately, because of its toxicity, none of these American companies presently offer this unique chemical although PCR has indicated that they may resume production. Sigma markets a HFA deuterate which appears to be an adequate substitute.
Commercially available proteins used as test materials included bovine ribonuclease (RNase, Worthington), bovine hemoglobin (Hb, Sigma), sperm whale myoglobin (Mb, Sigma), and bovine insulin (Sigma). Other test peptides included a basic 15-residue cyanogen bromide peptide from cytochrome c designated P 15, the dipeptide WE, the tetrapeptide PKGK, the hexapeptide LWMRFA, and the cyanogen bromide peptides of Mb. Two homogeneous forms of rabbit liver microsomal cytochrome P-450 (LM2 and LM4) were kindly 4 provided by Dr. M. J. Coon (University of Michigan, Ann Arbor). The cytochrome P-450 LM2 and LM4 had been prepared as previously described (15) and contained small amounts of the nonionic detergent Renex. Delipidated bovine rhodopsin preparations were kindly provided by Dr. J. C. Saari (University of Washington, Seattle). Outer segment membranes of bovine retinal rods (ROS) were isolated essentially as described by Paper-master and Dreyer ( 16) . Purified ROS were delipidated by affinity chromatography on Con A-Sepharose according to De Grip et al. (17) using Chaps as the detergent. Standard methods were used for cyanogen bromide cleavage of cytochrome P-450 and Mb (18) and for performic acid oxidation of insulin and RNase (16) .
Relative recoveries were calculated from peak areas recorded and integrated at 2 14 or 229 nm, with adjustment for flow rate. Absolute recoveries were determined by amino acid analysis of individual test solutions and peaks collected. N-terminal amino acid sequence analyses (20) and PTH-amino acid identifications (21) were done according to Tarr.
RESULTS

HPLC of Large Hydrophobic Polypeptides and Ternary Solvent Efects
Chromatography of the integral membrane protein cytochrome P-450 LM2 is shown on several reverse-phase supports in Fig. 1 . Of particular interest is the resolution into a minor and major, more hydrophobic, component (Fig. 1 ). As these two forms have the same molecular weight by SDS-polyacrylamide gel electrophoresis, the same amino acid compositions and the same N-terminal sequence, one is presumably a secondary modification of the other. The chromatographic patterns of P-450 and solvent effects vary between columns. With acetonitrile as eluting solvent all except the PBondapak CN separate at least partially the major and minor forms of P-450 (Fig. 2) proteins is shortest on the PBondapak CN column and longest on the large pore Vydac C 18; the separation of heme and protein is least on the PBondapak Phenyl column and greatest on the Vydac C 18. These are all effects that may be expected from the relative hydrophobicity and aromaticity of the bonded phases and from the degree a large protein may interact with the bonded phase in smaller vs larger pore silica.
Ternary gradients have proven useful for the separation of complex mixtures of small molecules with considerable improvement in resolution over binary solvent systems (22) . The effect of ternary solvent systems in our separation of a standard test mixture of peptides and proteins composed of RNase, Mb, B-chain insulin, and cyanogen bromide peptides of Mb was dramatic but unexpected (results to be published elsewhere). Nearly all test materials eluted later when 2-propanol was added to the acetonitrile, this despite the well-documented greater eluting power of propanol relative to acetonitrile (7) . In fact, retention time appears to go through a maximum as the proportion of propanol in the acetonitrile is gradually increased, until at roughly 1: 1 (v/v) the retention time has returned again to that seen with acetonitrile alone. Increasing amounts of propanol invariably broadened the peaks, though at lower proportions (2-5: I), this was more than compensated by the spreading out of the effective separation range. On the PBondapak columns (120 A, average pore diameter) cytochrome P-450 LM2 was affected by propanol/acetonitrile mixtures like the smaller and more hydrophilic standards; however, on the Vydac column (300 A, pore), while retention was again increased, the peaks were dramatically sharpened (Fig. I ). This may reflect improved solubility, as this wider pore support required a higher concentration of organic solvent for elution.
Recoveries of P-450 LM2 from PBondapak and Vydac columns were similar, with about 2/3 of the injected protein eluting in the two peaks described above; we have evidence that more protein elutes broadly after the main peak although we cannot rule out that some is stuck irreversibly. The LM4 isozyme is much more readily precipitated by organic solvents than LM2 (15) which presumably accounts for the much better recovery of LM4 (comparable to that for LMJ from the least retentive column, the PBondapak CN (Fig. 2) .
Reverse-phase chromatography of the cyanogen bromide peptides of cytochrome P-450 LM2 under various solvent conditions is shown in Fig. 3 . Although there are only eight methionine residues in the protein, partial acid nitrile alone ceased to elute effectively above about 80%, the 3: 1 mixture continued to elute peptides above 90%, sharpening the latest peaks seen with acetonitrile and eluting more hydrophobic peptides not seen previously. At 1: 1 the various peptides roughly returned to their positions with acetonitrile alone with some loss of peak sharpness, except for the six discernable most hydrophobic components which improved in shape. Propanol alone gave comparable recoveries but inferior resolution compared to the acetonitrile/propan01 mixtures. The relative recovery of rhodopsin under various solvent conditions are presented in Table 1 . HPLC of a delipidated bovine rod outer segment (ROS) membrane preparation is shown in Fig. 4 ; this sample contains only the glycoproteins from the ROS which elute from Con A-Sepharose in 50 mM Chaps (it is estimated that rhodopsin accounts for 50-80% of the total protein in bovine ROS (16, 23) ). Clearly, the ternary solvent system incorporating a mixture of acetonitrile: propanol (2:l) gave better HPLC resolution and recovery of rhodopsin than either system using acetonitrile or propanol alone. Reso- a The Vydac column was 4.6 mm X 5 cm and the PBondapak column was 3.9 mm X 30 cm. Chromatography conditions as described in Fig. 5 .
b Based on the sum of the area of all components recovered. ' Based only on the area of the rhodopsin component.
lution was strikingly better on the short Vydac C 18 support (4.6 m X 5 cm) than on the longer FBondapak Cl8 column (3.9 mm X 30 cm). It is intriguing that a number of distinct components detectable at both 2 14 and 280 nm were reproducibly resolved from the ROS glycoprotein preparation. Although all of the components have not yet been characterized, the more abundant and most hydrophobic component has been identified as rhodopsin by SDS-polyacrylamide gel electrophoresis and amino acid analysis. The other components may represent different glycoproteins from the ROS; however, since bovine rhodopsin has been shown to contain several oligosaccharides (24) , some of the other components may also represent rhodopsin with differences in carbohydrate content. Recently it has been reported that two major forms of frog rhodopsin exist that differ in isoelectric pH (25) . Certainly, such polarity differences within the bovine rhodopsin molecule population could also contribute to a multicomponent HPLC profile. Monitoring the chromatography at 360 nm revealed that rhodopsin appears to at least partially retain its natural ligand during HPLC. In addition to the As6,, peak coeluting with rhodopsin, two other Axe0 peaks were present with retention times that corresponded to unbound all-trans-retinal and 11 -c&retinal standards; these apparent retinoid peaks did not coelute with any of the other components detectable at 2 14 or 280 nm.
Alternate Solvents for HPLC of Peptides and Proteins
Despite care in the workup of large hydrophobic peptides and proteins, some preparations we encountered would not chromatograph reasonably in standard solvent systems such as 0.1% TFA vs. acetonitrile or propanol. Many of these preparations, if they would dissolve at all, could be run in moderate concentrations of formic acid, e.g., 6 M formic acid/O. 13 M trimethylamine (pH 1.5) vs. 4 M formic acid/O.09 M trimethylamine in 72% lpropanol. In this system, even dehemed and denatured cytochrome P-450 LM4, insoluble in dilute aqueous TFA and barely soluble in this buffer after initial solution in 88% formic acid, chromatographed as a sharp peak, and LM2 could be recovered in good yield even from a column as generally inappropriate for such large and hydrophobic materials as Ultrasphere ODS (high load of stationary phase, pore size 100 A). The high concentration of formic acid limits absorbance monitoring to 260 nm and above, but this is usually not an insurmountable problem when working with large molecules. As a precautionary measure against possible formyl esterification that may ensue during vacuum drying of collected frac- Cons, we routinely treat peptides purified in this solvent with aminoethanol as described in the next section. However, it should be noted that because of the potential hazards of working with formic acid under pressure and the potential for peptide modification, we consider this a solvent of last resort.
Highly acidic peptides such as oxidized and succinylated tryptic peptides often chromatograph poorly in dilute TFA systems because of insolubility due to pH. Attempts to enhance the solubility of hydrophobic peptides through such chemical modification may also result in peptides which do not chromatograph well in standard solvent systems. While such peptides will often chromatograph at neutral pH, few choices exist in buffer systems that are both uv transport and readily volatile at neutrality. A buffer system that has proven effective for us is hexafluoroacetone (HFA, pK, 6.6) buffered with ammonia to pH 7.2 (0.8 equivalents of NH40H). Because HFA hydrates to the stable gem diol in water, there is no uv adsorption due to a carbonyl function, and even 0.1 M solutions may be monitored at 2 10 nm or less. A separation of small peptides and oxidized insulin at two ionic strengths using this solvent system is shown in Fig. 5 . Others have described the utility of aqueous HFA as a solvent for gel-permeation chromatography of large peptides (26) . The enhancement of solubility observed in that case was due to the high concentrations of HFA employed and are unimportant here, where HFA functions only as a buffer. The main defects of HFA are toxicity (27) and unavailability.
We emphasize that caution should be exercised in handling this chemical.
Adverse Eflects of Formic Acid on Peptides
Large peptides are commonly generated by chemical methods such as cyanogen bromide cleavage at Met and acid cleavage at Asp-Pro in high concentrations of formic acid. Formic acid is also useful for dissolving relatively insoluble polypeptides, such as large hydrophobic peptides, for further processing during structural analyses. Prompted by the possi- bility of anomalous side reactions between formic acid and peptides, the effects of formic and some other acids were tested using bovine Hb as a model system. As shown in Fig. 6 , a short exposure to 88% formic acid (20 min at room temperature) gave no marked effect on the HPLC separation of the cy-and P-chains, although a slight broadening of the peaks was observed. But after 12 h the peaks were broad, poorly resolved, and clearly more hydrophobic. After 5 days at room temperature, the chromatogram had dramatically changed. A possible explanation for the early peak broadening and increased retention was thought to be formyl esterification of the side change hydroxyl groups of Ser and Thr residues. Attempts to deesterify with the nucleophilic amine, aminoethanol, proved encouraging. The dramatic effect of incubating the 5-day formic acid-treated Hb in neat aminoethanol for 10 min at room temperature followed by vacuum drying and HPLC, is shown in Fig.  6 . The sharp, regenerated peaks reflect incomplete acid cleavage at the single Asp-Pro bond in each chain. The second of the two sharp peaks seen in the untreated sample has now fused with the first. This probably is the Cterminal fragment from the P-chain because this region of the P-chain has no Ser and only one Thr; the analogous portion of the a-chain does not appear because it has seven Ser and four Thr (28) and therefore gives a complicated mixture of formylated products exhibiting varying degrees of hydrophobicity.
The other Asp-Pro cleavage products in the untreated profile also contain multiple Ser and Thr and are spread out as sets of partially esterified forms.
The enhanced HPLC resolution of a cyanogen bromide digest of cytochrome P-450 LM2 following aminoethanol treatment is shown in Fig. 7 . Essentially all peptides were affected by the aminoethanol treatment which generally sharpened resolution and slightly decreased retention times. It should be noted that formic acid can also N-formylate amino and without aminoethanol treatment. The CNBr digest was performed at room temperature in 70% formic acid for 30 h. To solubilize the digest before or after aminoethanol treatment, 89% formic acid was used, but exposure to this solvent was limited by diluting I:3 within 5 min and storing diluted samples at 0°C. Note in the treated sample the disappearance of doublets, the generation of new peaks, and the shift of most peaks to slightly shorter retention. These effects are interpreted as deesterification of Ser and Thr residues which were partially formylated under the digest conditions. Chromatography on PBondapak C 18 with acetonitrile as given in Fig. 1 . groups and react with the indole ring of tryptophan residues, effectively blocking aminoterminal residues and resulting in misidentification of lysine or tryptophan residues ( 14) . Following aminoethanol treatment, none of the peptides isolated from the digest in Fig. 7 exhibited blocked amino-terminal residues by manual sequence analysis (G. E. Tat-r, unpublished work).
In other tests, another commonly employed general protein solvent, anhydrous TFA, appeared to esterify Hb more rapidly than formic acid and the reaction was not entirely reversible with aminoethanol, possibly because of dehydration of Ser and Thr. A third such solvent tested was HFA sesquihydrate which reacted quickly with heme but not to any detectable extent with Hb, even after incubation for weeks at room temperature.
SUMMARY AND CONCLUSIONS
Large hydrophobic peptides and proteins can pose special problems for HPLC because of limited solubility and tendencies to aggregate and/or stick irreversibly to some reversephase supports. Our results concerning HPLC of the integral membrane proteins cytochrome P-450 and bovine rhodopsin may provide useful approaches to reverse-phase chromatography of other hydrophobic polypeptides. The choice of a less retentive support, such as the CN-bonded phase may enhance recovery of large, very "sticky" proteins as we experienced with cytochrome P-450 LM4. By incorporating ternary solvent systems into gradient elutions (e.g., dilute aqueous TFA vs. mixtures of acetonitrile and propanol), resolution and recovery of large hydrophobic peptides may be enhanced. Notably, resolution of the P-450 LM2 cyanogen bromide peptides under ternary solvent conditions was improved compared to elution with propanol alone. Ternary solvent conditions provided marked improvement in both the resolution and recovery of rhodopsin compared to elution with either acetonitrile or propanol alone. Attempts to enhance the solubility of hydrophobic peptides by chemical modifications which render the fragments more acidic may preclude chromatography in dilute TFA. Under these conditions the neutral, uv transparent, volatile buffer HFA/NH3, pH 7.2, may be useful. When all else fails, chromatography of peptides in high concentrations of formic acid may be helpful when used in conjunction with aminoethanol treatment to reverse possible formyl esterifications.
Increasingly, reports in the literature describe the elution of the same peptide in more than one HPLC peak (6, 7, 11, 29) . Multiple HFLC peaks containing the same peptide have been attributed to a variety of causes many of which amount to microheterogeneity.
Figure 7 illustrates such a situation involving a limited number of peptides apparently suffering from varying degrees of formyl esterification of serine and threonine residues. Spurious amino acid modifications such as oxidations, deamidations, esterifications, or amino group reactions can potentially change the elution position of a peptide. Of course, intended derivatizations (such as alkylations and succinylations) which are not quantitative will also result in microheterogeneity.
For efficient HPLC, particular care and attention during peptide preparation and storage must be taken to avoid undesirable modifications, especially when working with very small amounts of material.
